A 28-fold increase in secretory protein synthesis is associated with DNA puff activity in the salivary gland of Bradysia hygida (Diptera, Sciaridae) 
Introduction
Gene amplification for protein-coding genes during development has been demonstrated in only two biological systems: the DNA puffs of Sciaridae (1) and the chorion genes in ovarian follicle cells of Drosophila (2) . In Drosophila the amplification of the chorion genes is followed by 5 h of intense protein production during which the endochorion and exochorion are synthesized. In the female-sterile Drosophila mutant ocelliless, in which two of these genes are amplified less, the corresponding mRNA and protein products accumulate at lower levels in the egg chamber. These results led Spradling and Mahowald (2) to propose that gene amplification is necessary to provide some cells with additional gene copies for the production of massive amounts of protein within a short period of time.
In the DNA puffs of Sciaridae, gene amplification was first quantified in Rhynchosciara americana, with the DNA being amplified 16 times for puffs C3 and C8 (3, 4) . A similar level of amplification was found in the puff II/9 of Sciara coprophila (5) . The extent of amplification of the DNA puffs C4 J.C. de-Almeida and B10 of Bradysia hygida was established to be about 22 and 10 times, respectively, for DNA sequences that code for mRNA (6) (7) (8) (9) . There is evidence indicating that DNA puff activity is involved in the production of specific proteins in the salivary glands of Rhynchosciara americana (10) (11) (12) (13) , Bradysia hygida (14) and Trichosia pubescens (15) , some of them being secretory proteins (9, 11, 12, 16, 17) .
However, an association between DNA puff activity and short periods of very large production of proteins, as shown for the chorion genes in Drosophila, has not been demonstrated for Sciaridae.
In the present study we showed a strong temporal correlation between the activity of the first four DNA puffs of Bradysia hygida and a short period of about 10 h of intense secretory protein synthesis. We also showed that some of the major polypeptides present in the saliva produced during this period were synthesized mainly in the salivary gland regions S1 and S3 where the first group of DNA puffs develops but were missing or only present as very faint bands in the S2 region where these DNA puffs do not develop.
Material and Methods

Animals
Bradysia hygida (18) is maintained in the laboratory at 20 o C, and under these conditions its life cycle lasts about 36 days. From hatching to the pupal molt the larvae go through four instars. The last instar begins on the 12th day after hatching, and at the 6th day of the 4th instar the eyespots arise and serve as useful age landmarks (19) . The present experiments were carried out on female 4th instar larvae. A pair of salivary glands, about 10 mm long, is characteristic of larvae at the end of the 4th instar. The glands consist of two rows of cells and three morphologically distinct regions can be noted: S1 (anterior), S2 (granulosa) and S3 (posterior). About 190 cells form each gland (20, 21) , and about 45 of them are in the S1 region.
The eyespot pattern E3 (8th day of 4th instar) coincides with the beginning of the DNA puff anlage formation. Eighteen hours later (eyespot pattern E5), the first group of DNA puffs starts its expansion (DNA puffs C7, C5 and C4). After 2 h the E7 pattern is attained and the 3 puffs are at least partially open, and about 8 h later all puffs have receded. The expansion of the 2nd group of DNA puffs starts about 12 h after eyespot pattern E7, and before the pupal molt (about 26 h after E7) these puffs are already closed, with the exception of puff B3d. The DNA puff B10 is the only one active between the periods of expansion of the 1st and 2nd groups of DNA puffs. Its maximum size is attained at E7+8h. The DNA puffs are present in the S1 and S3 regions, with the DNA puff C7 being exclusive for S1. The first group of DNA puffs does not form in the S2 region, and the puffs of the second group are very inconspicuous in this gland region.
Protein labelling
In all experiments 1 µl of a solution of tritiated leucine ([ 3 H]-Leu) from Amersham (159 Ci/mmol) was injected into the larval hemolymph as described by Sauaia et al. (22) .
Saliva collection for radioactivity measurements or electrophoretic analysis
Since during part of the period studied the larvae were still defecating, the last segment of the larvae was tied with a very small piece of hair under the stereomicroscope to avoid contamination of saliva with feces.
For radioactivity measurements ( Figure  1 ), saliva was collected as follows: groups of two larvae were injected with 1 µl of [ 3 H]-Leu solution, and 5 min later they were placed on a moist circular fiberglass filter inside a scintillation vial. The larvae were maintained on the filter for 10 min and transferred to a second filter for 5 min, to a third filter for 10 min and finally to a 4th filter for 30 min. The larvae were then discarded and the filters were washed with 10% TCA (3 x 3 ml) and with 10 ml ethanol. The filters were dried for 2 h at 80 o C, 3 ml of scintillation solution (0.6% PPO in toluene) was added to each vial and radioactivity was measured with a Beckmann LS1801 Liquid Scintillation System. Three independent experiments were carried out and the results are reported as the means ( Figure 1B) . The cumulative amount of radioactivity during 60 min corresponds to the total radioactive material collected on filters 1 + 2 + 3 + 4 in the same experiments ( Figure 1A) .
For electrophoretic analysis, saliva was collected as follows: after [ 3 H]-Leu injection, 4 larvae were placed at the bottom of an Eppendorf tube, the tube was closed and the larvae discarded 2 h later. The moist secretion was dissolved in 40 µl of sample buffer (23) . Since part of the secretion remains on the larval body, this method was used only for qualitative analysis by SDS-PAGE.
Salivary gland samples for electrophoretic analysis
Fifteen minutes after [
3 H]-Leu injection the larvae were dissected and the salivary glands fixed in 70% ethanol for 30 min at room temperature. The glands were sepa- Figure 1A (top) show the times during larval development when DNA puffs are expanded. The cumulative radioactive secretion obtained during a period of 1 h is reported at the bottom as a function of larval age. The ages of larvae are expressed on the abscissa as hours from the first age studied and as eyespot patterns. Figure 1B shows the kinetics of secretion for the same experiments. Each result, in cpm, is the mean of 3 independent experiments.
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rated into their different regions S1, S2 and S3 by dissection (22) and at least 6 regions were dissolved in sample buffer (5 µl/region) and kept at -20 o C until the time for application to a gel.
SDS-PAGE
The polypeptides were separated on SDSpolyacrylamide (10%) slab gels, 220 x 120 x 1 mm, according to Laemmli (23) . The gels were fixed and stained in methanol:water: acetic acid (5:5:2) + 0.1% Coomassie brilliant blue for 2 h and destained overnight in 7% acetic acid. Alternatively, a fast destaining method was used, consisting of 3 washes (15 min each) in ethanol:water:acetic acid (3:7:2).
Fluorography
The Coomassie-stained gels were treated for 20 min with glacial acetic acid, for 20 min with 20% PPO in glacial acetic acid and for 30 min with several changes of water (24) . The gels were dried and exposed to a preflashed X-Omat AR-5 Kodak film at -70 o C.
Results
Protein secretion as a function of larval age
The protein nature of the labelled material was demonstrated by the fact that more than 99% of the radioactivity secreted by the larvae onto fiberglass filters was released by overnight treatment with 0.1% proteinase K (data not shown).
In order to compare the production of secretory proteins before, during and after the onset of the first group of DNA puff activity, larvae of 9 different ages were selected: E1, E3, E4, E5, E7, E7+3h, E7+6h, E7+8h and E7+10h. The saliva was collected and radioactivity was measured as described in Material and Methods. Figure   1A (top) shows the time during larval development when DNA puffs C7, C5, C4 and B10 are active. Note that the initiation of puff expansion started 65 h after age E1 and that the initiation and duration of each puff were different during the 15-h period of puff activity. Most of the cumulative secretion of tritium-labelled protein occurred during the period of puff activity with the exception of the 60-h point (age E4) which preceded puff activity ( Figure 1A, bottom) . Thus, at age E3 when the larvae are "walking around", before starting to build the individual cocoon, the amount of secreted material was only 2.2 times the amount secreted by larvae at the end of the feeding period E1. The eyespot pattern E3 was attained about 48 h after E1. About 12 h (E1+60h) later the E4 pattern was established, after 5 to 6 h the larvae were at E5 (E1+65-66h), and the E7 pattern was reached about 2 h (E1+68h) later. At E4, E5 and E7, when the larvae were actively spinning their cocoon the amount secreted was 12.8, 13.8 and 9.9 times higher, respectively, than at E1. At E7+3h (E1+71h), the collected radioactive material was 17.9 times at E1 and at E7+6h (E1+74h) a maximum activity of 28.5 times the amount of protein secreted during the end of the feeding period was attained. At E7+8h and E7+10h (E1+76h and E1+78h) the amount secreted decreased to 6.2 and 2.1 times, respectively. At this time all DNA puffs but one (B10) in the 1st group had already receded.
The kinetics of the secretion at different periods of development is shown in Figure  1B . The top part of Figure 1B shows that ages E4, E5 and E7 had the highest rates of secretion compared to E1 and E3. The lower panel shows an increase in the amount of labelled protein secreted between E7 and E7+6h and a decrease from E7+6h to E7+10h with a peak in secretion at E7+6h. Note that the period from E5 to E7+6h corresponds to 66 to 74 h in Figure 1A when the first set of DNA puffs was active. Figure 2B in which the relative quantities of the labelled polypeptides are indicated by the height of the bar. It is clear that specific proteins were secreted at different stages of development. Some polypeptides, such as the 93-kDa polypeptide (SP93), were secreted for short periods of time, i.e., the 4-h period between E7+2h and E7+6h, whereas others such as SP21 and SP41 were secreted during the entire 74-h period from E1 to E7+6h. Although less radioactive protein was secreted during E1 and E3 compared to the later times ( Figure  1A , bottom) at least 3 polypeptides were demonstrable by SDS-PAGE at 21, 41 and 44 kDa. Although no quantitative conclusion can be drawn from the data in Figure  2A , and although not all polypeptides were completely resolved, it is clear that the pattern of labelled secreted polypeptides changed with developmental age and that many of the polypeptides demonstrable during maximum puff activity, i.e., E5 to E7+6h, were not secreted before or after this period. It is important to note that from E7+8h to E7+10h only DNA puff B10 was still expanded.
Site of synthesis of new secretory polypeptides
In Figure 3 we compare the patterns of in vivo polypeptide synthesis in the different salivary gland regions with those of radioactive polypeptides present in the material secreted for a period of 2 h by larvae of the same age. In these experiments we selected the E1 age as representative of the very long period of about 8 Figure 3 -Fluorographic pattern from the electrophoretic profile of extracts of salivary gland regions (S1, S3 and S2) and saliva (Sal) from larvae of different ages at the end of the fourth instar (E1, E5 and E7+6h). One µl of [ 3 H]-Leu solution was injected into the larvae and the salivary gland regions were processed 15 min later for SDS-PAGE and fluorography. Figure 3A shows the same samples compared with samples of saliva collected for 2 h from larvae of the same ages. The apparent molecular mass, in kDa, of the main SP is indicated on the left side of each set of samples. Figure 3B is a schematic representation of the fluorogram in Figure 3A . The height of the bars represents the relative quantities of the labelled polypeptides. MM = Apparent molecular mass in kDa. In the fluorogram ( Figure 3A ) the presence of an SP in a sample of saliva is indicated by its approximate molecular mass in kDa, and the presence of polypeptides of similar mobility in salivary gland regions S1, S3 and S2 can be easily observed. In Figure  3B we show an interpretation of the results presented in Figure 3A . The height of the bars represents a visual measure of labelling intensity. SP21 was present in the saliva of E1 and E5 larvae, since it was detected in the S1 region at the same ages. SP23 was only present in the saliva at E7+6h, when it was observed in the three regions, but as a very faint band in S2.
SP26.2 appeared in the saliva of E5 and E7+6h larvae, and at the same ages was found exclusively in the S1 region. SP41 was present in all saliva samples and was produced by S1. SP43 was present in saliva and in the S1 and S3 regions at the age E7+6h. In this experiment SP44 was present only in saliva at E5, whereas in others it was detected also at E1. At E1 and E5 it was present in S3. SP47 and SP23 were present in saliva only at E7+6h and were produced by the three regions at the same age. SP53.5 and SP55 were present in increasing amounts in saliva at ages E5 to E7+6h, and the same occurred in regions S1 and S3. In S2 the amount detected was very low for both polypeptides. SP93 was present in saliva, and S1 and S3 at E7+6h. SP103 was initially detected in saliva at E5 and in larger amounts at E7+6h, and was present only in the S3 region at the same ages. Since the glands have a common duct, although the time of incorporation was short, it is possible that polypeptides detected in the S2 regions may represent material in transit from S3 to be secreted in the exterior. Some faint bands only present in the salivary gland regions and probably representing non-secretory proteins were not indicated in the figure. The present results show that SP synthesis can be time and gland region specific.
Discussion
In the present study we demonstrated an increase in the production and secretion of proteins by the salivary glands of Bradysia hygida during a short period of time, when the first group of DNA puffs is active in the S1 and S3 regions. In the S2 region, where no DNA puffs develop, the level of protein synthesis was very low.
From age E5 to E7+6h, a period of about 8 h, a set of 3 very large DNA puffs started and terminated its morphological expansion. Two of these puffs, C4 and C5, were present in the polytene chromosomes of salivary gland regions S1 and S3, and the third puff, C7, was present exclusively in S1. At about E7+4h a new DNA puff, B10, started its expansion in regions S1 and S3, and at E7+12h it had already receded. None of these puffs were detected in the S2 region (14, 20) . It is important to emphasize these observations, because the large increase in the amount of protein material secreted by the larvae and the synthesis of new polypeptides present in this material were accompanied by the synthesis of polypeptides of similar molecular weight mainly in salivary gland regions S1 and S3 during the period from age E5 to E7+6h. Here, we assume that the pres-ence of a polypeptide of a molecular weight similar to that of the SP in a salivary gland region indicates its site of synthesis because the incorporation time was short (15 min). It has been shown that the pattern of polypeptide synthesis in the salivary gland is essentially the same in vivo and in vitro with incubation times up to 1 h (25) (26) (27) .
Our findings are in agreement with the proposition about the role of gene amplification in gene expression (2), i.e., some polypeptides may be necessary in large amounts during a short period of time followed by changes in the program of protein synthesis.
This result can only be attained by the increase in the copy number of genes involved in that event and the use of shortlived mRNAs. This is exactly what we have here: at least for DNA puffs C4 and B10 the extent of amplification was established for DNA sequences that code for mRNA to be about 22 and 10 times, respectively (6) (7) (8) (9) . A large increase in protein production and secretion was detected at the time the DNA puffs were active, with a peak of about 28 times at age E7+6h (Figure 1 ). The pattern of polypeptide synthesis changed drastically at that time and after about 10 h the synthesis of most of the polypeptides characteristic of this period stopped completely (Figure 2) .
Other results support a very strict temporal correlation between DNA puffs and polypeptide synthesis: in Bradysia hygida the eyespot pattern E7 is reached about 68 h after E1 (14) . If larvae at E1 are injected with a solution of ecdysone, the E7 pattern is attained about 24 h later and brings about the development of the first group of DNA puffs typical of E7 (28) . The induction of DNA puffs by ecdysone is accompanied by the onset of a pattern of polypeptide synthesis similar to that characteristic of E7 (29) . Another type of indirect evidence can be obtained by an inverse procedure: it is possible to inhibit DNA puff development by the use of different drugs such as hydroxyurea (20) , bromodeoxyuridine (30) and dihydroimidazopyrazole (31), when they are applied to the larvae at the appropriate time. The inhibition of DNA puff development is accompanied by a strong decrease in the synthesis of some of the polypeptides whose production is characteristic of the period of activity of DNA puffs C7, C5, C4 and B10 (14, 32) . These treatments produce results on the synthesis of specific polypeptides that mimic those characteristic of the ocelliless mutant of Drosophila melanogaster (1) .
All these results indicate a role of the first group of DNA puffs in the production by the S1 and S3 regions of massive amounts of proteins that are secreted and used to spin the larval cocoon, but it cannot be excluded that minor products, destined to stay in the cells, may have regulatory functions.
It is important to note that the contribution of the S2 region, where the first group of DNA puffs is missing, is negligible in the production of the salivary components described here. However, it was shown that S2 produces and secretes special acid phosphatases that may play an important role in the polymerization of the cocoon protein meshwork (33) .
Our results permit additional discussion and speculations: the large number of new polypeptides, whose synthesis is strongly decreased when DNA puff development is inhibited by treatment that apparently does not change RNA puff activity (14,32 and data not shown), compared to the number of DNA puffs suggests that DNA puffs can accommodate more than one gene. This has already been shown for genes II/9-1 and II/9-2 in DNA puff II/9A of Sciara coprophila (17) and for DNA puff C4 of Bradysia hygida, which contain at least two genes that are amplified unequally and differentially expressed (8) .
It is also important to point out the presence of two polypeptides of low molecular weight (SP26.2 and SP23) which were not resolved in previous studies. Their synthesis follows very closely the activity of DNA puffs C7 and B10, respectively. Puff C7 is the first to open and is present exclusively in the S1 region, as is also the case for SP26.2. Synthesis of SP26.2 continues for about 5 h after puff C7 has receded. The SP23 polypeptide is first detected at about E7+4h, during the expansion of puff B10. At this time a 1.3-kb mRNA is being produced by gene BhB10 (7, 34) . Maximum puff expansion occurs concurrently with the higher production of 1.3-kb mRNA (35) and SP23. SP23 synthesis is very low at about E7+14h, some 4 h after puff regression (36, 37) . By this time the level of B10 messenger has decreased significantly (34) . Interestingly additional information on B10 has been presented by Fontes (34) , who deduced the amino acid sequence of the B10 polypeptide (PB10) from the sequence of the BhB10 cDNA. This polypeptide is 17.7 kDa, seems to be hydrophobic, has a presumptive signal peptide and the only two methionine residues in its sequence are eliminated when the signal peptide is cleared. Except for the differences in molecular weight, these features are compatible with PB10 and SP23 being the same polypeptide. Post-translational modifications such as phosphorylation, for example, may be responsible for the fact that SP23 migrates at a higher molecular weight position on SDS-PAGE.
